Abstract--Neutron diffraction measurements for a preferentially oriented aggregate slab sample of deuterated Na-montmorillonite from Upton, Wyoming, are described for a series of clay-water contents ranging from 0 to 500 mg/g. A neutron wavelength of 2.39 A was used with extended detectors to collect much of the "out of plane" component of the diffraction peak intensities.
INTRODUCTION
It is well known (e.g., Grim, 1968 ) that water molecules penetrate between the silicate layers of expanding clay minerals forcing the unit cells to swell. The crystal binding forces across the interlayer region are very weak in a smectite, and the mineral may be considered to be two-dimensional, consisting of thin platelets of irregular shape.
The register between adjacent silicate layers is poor, but the structure is not completely turbostratic ((}riven, 1975; MacEwan, 1961) . There is, however, a repeated basal plane distance d, between parallel silicate units. The d-spacing of a dried montmorillonite is -10 A_, and the mineral swells uniformly until it reaches a spacing of -20 ,~. At larger spacings, the swelling homogeneity decays, and a range of values can occur (Norrish, 1954) . These physical properties make clay-water systems experimentally attractive for the study ofinterfacial water structure.
X-ray diffraction research of the structure of claywater complexes has focused mainly on vermiculite since this mineral forms large single crystals and appears to swell in definite hydration steps. Mathieson and Walker (1954) found that water molecules form two Copyright 9 1980, The Clay Minerals Society planes above and below the interlayer cations and that they maintain octahedral coordination with these cations. Within the planes, the oxygen sites form hexagonal arrays. TeUeria et al. (1977) made similar conclusions regarding the structure within the water plane but found for a less expanded vermiculite that a single plane of water exists at the center of the unit-cell interlayer with cations on either side.
Little discussion has been devoted to hydrogen locations either within the lattice itself or in connection with the interlayer water molecules in the X-ray diffraction work on clay even though many inferences have been made from infrared data (Farmer and Russell, 1971 ) and other techniques that hydrogen-bond linkages may exist in the interlayer region. This lack of structural information from X-ray diffraction measurements with respect to hydrogen is because hydrogen has only one electron and therefore offers the least X-ray scattering signal of all the elements. The scattering power of each atom is changed when neutrons are used so that hydrogen scattering is a major component of the neutron scattering intensity in contrast to the Xray situation. Isotopic substitution provides an additional means of changing the atomic scattering power Figure 1 . Scattering power of layers of atoms in the clay structure. For X-rays a neutral atom model has been used, since the extent of the covalent charge transfer is uncertain.
since the neutron is scattered by the nucleus of the atom. Neutron diffraction can therefore provide new structural information about the clay-water system and is especially suited to a study of intercalated water. Figure 1 shows the composition and relative scattering power of planes of atoms for X-rays and neutrons in an idealized montmorillonite lattice swollen with heavy water. Heavy water is used because deuterium has a larger coherent scattering cross section (responsible for diffraction effects) than hydrogen with neutrons, and because the background due to incoherent scattering is smaller. The swelling of 20/~ in this illustration corresponds to -14 water molecules per pseudo unit cell. The crystal is shown as a projection on to the bc plane.
In listing the X-ray scattering power, neutral atoms have been assumed at all sites; this is an oversimplification, and there is some uncertainty over the interpretation of X-ray intensities. No such ambiguity arises with neutron intensities since these are independent of the electron distribution. Figure 1 demonstrates that neutrons are very much more sensitive to interlayer water (especially the deuterium) and that water scattering itself is more evenly divided between the deuterium and oxygen. An initial study of clays by Cebula et al. (1979) indicated that neutron diffraction is indeed practical, even though typical neutron fluxes are much less intense than conventional X-ray sources. Inelastic neutron scattering (Hunter et al., 1971; Olejnik and White, 1972) proved useful in elucidating some dynamical properties of the absorbed water molecules. The present work was undertaken to study the structure of the interlayer water absorbed in Na-montmorillonite using the neutron diffraction technique.
EXPERIMENTAL

Sample preparation
Montmorillonite from Upton, Wyoming (J. C. Lane tract), was chosen for study on the basis of its wide use in associated research and its ready availability. Ross and Mortland (1966) reported the following formula for this material: Nao.6~ [AI3.o6Feo.32Mgo:66](AIo.1 Si7.9) 020(OH)4.
The raw mineral was purified and treated according to the method of Posner and Quirk (1964) . Chemical analysis showed no fixed potassium in the sample demonstrating that the raw bentonite contained no interstratified mica. The <2-p.m fraction was removed by sedimentation. This fraction was saturated with NH4 +, freeze-dried, and deuterated by heating the freeze-dried, NH4-clay to 350~ in the presence of heavy water vapor at 17 torr (Russell et al., 1970) . The clay was transferred to a 1 N non-aqueous solution of NaI-acetone and washed to resaturate the mineral with Na-cations. Acetone aids both in the reswelling of the clay after the heat treatment (Brindley and Ertem, 1971 ) and in preventing a rehydrogenation of the lattice through exposure to free hydrogen while the clay remains in the acid ND4-form. Infrared analysis for the lattice-OH, and lattice-OD absorption peaks near 3640 and 2690 cm -1 showed that even at room temperature the acid form of the clay exchanged lattice hydrogen for deuterium while the Nasaturated clay remained stable against this isotopic exchange. This property suggested both the acetone-exchange medium and the use of the Na-saturated clay.
Following its resaturation with Na in the NaI-acetone solution, the clay was washed free of excess Na in distilled (light) water using dialysis tubing, and a sample was prepared by slowly drying 500 ml of a 1% (by weight) suspension in a teflonlined container. Warm air was circulated over the evaporating surface, but at no time was the suspension temperature al-/owed to rise above 37~ Approximately two weeks drying time was required. The slow evaporation rate was necessary to produce macroscopically uniform specimens with a high degree of preferred orientation. The neutron specimen was composed of a stack of several clay sheets (total dry mass = Figure 2 . Hydration curves for deuterated Na-montmorillonite. 0~o and 0too are the sample water contents of heavy and light water respectively, expressed as a fraction of the dry weight of the deuterated clay. Figure 3 . Experimental sample geometries. The wave vectors for the incident and scattered beams are ~o and ~f respectively, with the scattering vector 0 = kf-k,o-Vector fi is normal to the clay lamellae. In the reflection geometry, the neutron momentum transfer, h'0, is perpendicular to the lamellae while it is parallel to them in the transmission geometry.
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5.68 g) which were dried from suspension and held in a thin (0.8 mm) aluminum vessel, sealed to the atmosphere. To follow the change of the neutron diffraction pattern as a function of the water content, the sample was allowed to reach equilibrium with the vapor above a saturated solution in a desiccator. The water content was regulated by changing the kind of salt solution. Equilibrium was reached in this chamber in two days, although longer periods were required for samples with high water contents. The sample was then weighed quickly and sealed into the sample vessel for the diffraction measurement. Very high water contents were achieved by first equilibrating samples in a 98% relative humidity (RH) environment and then transferring them to a 100% RH chamber. Water content was monitored by weighing the samples until the desired amount was reached. Dry samples were produced by first evacuating them to 10 -4 torr and then heating them to 110~ maintaining this vacuum.
Water-vapor absorption characteristics for the deuterated clay sample are shown in Figure 2 . A hysteresis can be seen in the wetting and drying cycle. The best indicator of the water state of the sample is therefore the gravimetric water content, #w, and not the equilibration RH.
Neutron diffraction measurements
Neutron diffraction and transmission data were taken using the University of Guelph neutron diffractometer located at the D-3 port of the NRU reactor at the Chalk River Nuclear Laboratories at Chalk River, Ontario. Simultaneous measurement of 5 scattering angles spaced at ~ 1 ~ intervals was made using counters of 40 cm length which rotated about the sample to cover a total angular range of -120 ~ The neutron wavelength selected was 2.386 ~. Satisfactory counting statistics and convenient run-durations were obtained by counting for 5 min at each setting, stepping the spectrometer in 0.5 ~ increments. For the reflection geometry illustrated in Figure 3 , a beam width of 3 mm was used. A beam width of 25 mm was used for the transmission geometry. In each geometry, the sample was rotated in the beam to maintain a constant orientation with respect to the neutron momentum transfer, h'Q, as the spectrometer rotated. (In this expression, h' is the Planck constant divided by 27r.)
Rocking curves of samples were taken in the reflection geometry to establish the degree of preferential ordering in the aggregate. The full width at half maximum of these curves was ~18 ~ This wide effective mosaic allowed simultaneous measurement of several scattering angles and also justified the use of long detectors to receive the scattering for the partially oriented samples which consist of diffraction arcs, segments of the normal powder cones. This aspect of the scattering had important implications in the data analysis, particularly for the Lorentz factor which is discussed more fully below.
Diffraction patterns were taken of an empty sample container, so that background scattering could be removed; of a vanadium standard; and of heavy water. Most of the claywater diffraction measurements were made with deuterated clay swelled with heavy water, but additional data were taken with deuterated clay containing light water at 66% RH and (1), at 6 different water contents for (upper set of curves) deuterated clay in the reflection geometry and (lower set of curves) deuterated clay in the transmission geometry. (A = 100% RH, B = 98% RH, C = 75% RH, D = 66% RH, E = 38% RH, F = dried clay.)
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hydrogenous clay containing heavy water at 0 and 75% RH. In all cases, samples with slab geometry were used, The heavy water was supplied by Stohler Isotopes, Montreal, and tested at 99.5% deuterium. Raw diffraction patterns and their backgrounds from 95 = 0 ~ to 70 ~ are indicated in Figure 4 for dried clay. The sharp rise at small angles is due to scattering of the beam by the counter shield. The expected contrast between the two experimental geometries and the lack of random orientation component demonstrate a high degree of preferred orientation in the sample. The heavy water yielded a typical diffraction pattern with a broad first order diffraction peak. (See Page and Powles, 1971 .) Data were taken for six conditions between dry and 100% RH and are shown in a reduced form after subtraction of background in Figure 5 . The change in the diffraction patterns of the raw clay as water entered the clay differs for the two experimental geometries. For the reflection geometry, the diffraction peaks change both in position and in intensity and appear unrelated to the pattern of either the dried clay or pure water. The diffraction pattern for the transmission geometry, however, resembles a combination of the patterns of dried clay and the heavy water.
DATA REDUCTION AND ANALYSIS
Neutrons which arrive at the detectors can be from several sources: stray background from within the reactor hall; scattering from air along the incident-beam flight path; scattering from the container; or scattering from the sample itself. They may also be singly or multiply scattered. The finite thickness of the sample causes multiple scattering and is also responsible for an attenuation of both the undeviated and scattered neutrons. Only the once-scattered radiation from the sample alone, where self-attenuation is negligibly small, is of interest.
Reduced data were calculated from the raw measurements according to the formula: dtr I~+c(~b) -Ic(~b)A~,~ qb(~b) = IoN d~-= As.cAs,sSeC 0oC(th)
Here ~b is the scattering angle; I0 is the total incident neutron flux; N is the number of scattering units in the beam, each with a differential cross section of dtr/dl); I~+c(~b) and Ic(~b) are the raw scattering seen by the sample with its container and the container alone. The A~c are appropriate slab absorption factors using the notation of Paalman and Pings (1962) . The sec 00 factor is a correction for the effective sample volume in the beam as the incidence angle, 00, defined in Figure 3 , is altered by half angling during the scan. The angular calibration factor, c(qb), is derived by comparing theoretical and measured values for the standard vanadium, and for the instrument used, is independent of ~b. When the corrections inherent in Eq. (1) are applied to the raw data, the curves shown in Figure 5 emerge. Removal of container background peaks and the relative change in the size of the first diffraction peak for the reflection geometry, are effects easily seen for the dried clay by comparing the curves in Figure 4 and those in the upper part of Figure 5 . The relative peak intensities in the transmission data ( Figure 5 , lower set of curves) however, remain largely unchanged. Because of this systematic difference in the data, the analysis is divided into two sections corresponding to the different experimental geometries.
Reflection geometry analysis
The interpretation and analysis of the reflection data are based on the one-dimension Fourier analysis of the qb00e(th) series of diffraction peaks. This series is clearly visible in the diffraction pattern of the dry clay with the peak assignments being less obvious at higher claywater contents. The 00~ peaks should occur at ~b angles 
Here ~ is the neutron wavelength and ~b0 is the scattering angle of the peak center. Application of this formula led to Figure 6 . The dispersion of the plotted points cannot be attributed entirely to uncertainty of peak measurement nor of peak assignments but probably represents real inhomogeneity in the sample spacings due to interstratification. The d-value variation with the order of diffraction, 4, in the neutron data is much less than from X-ray diffraction analysis carried out on the same sample or as indicated by other X-ray investigations (Margheim, 1977) .
The 004 peak intensities are given by the expression:
where T(~b) is the temperature or Debye-Waller factor of the lattice, L(~b) is the Lorentz factor, and F00e(Q) is the unit cell structure factor. The temperature and structure factors have well known expressions (e.g., Azaroff, 1968) , and usually the Lorentz factor is a simple trigonometric function. For the preferentially oriented aggregate sample, this factor is complicated and requires special consideration as demonstrated by Reynolds (1976) . For the conditions of our sample and spectrometer, a lengthy analysis revealed (Hawkins, 1978 ) that the expression:
adequately describes the correction. This expression is a simplification of Eq. (5) of Reynolds (1976) . In this equation,
whichever is smaller. L and w are the detector dimensions, R is the diffractometer radius, and K describes the distribution of crystallite orientations within the aggregate. FN(E) dO is the probability of finding a platey crystaUite in the sample whose normal lies inclined to the slab normal at an angle E, in the solid angle range dO. The expression is assumed to be gaussian with FN(e) = A exp(-K2e2). Eq. (4) represents a major correction to the measured peak intensities for the basal plane reflections. At ~b = 10 ~ L(~b) introduces a factor of I0 into the intensity calculation compared to 1 at 90~ but this range is less than the corresponding values for the usual X-ray case. This distortion is also responsible for a skewness in the measured diffraction pattern which is especially apparent at low scattering angles. It shifts the real peak center toward the origin at low scattering angles, and a correction is necessary. Such a correction was made to the spacing data in Figure 6 . Once the Lorentz and temperature factors have been estimated, the modulus of the structure factor may be determined within a constant factor. Because the clay is centrosymmetric across the basal planes, F0oe(Q) values are real, and the phase factor s(C) = _+ 1. (5) The neutron-relative-scattering-density profile, ps(z), across basal planes may now be constructed from the structure factor data by the relation, 2 s(~)F0oe cos {~_} (6) Figure 7 is a neutron-scattering-density profile for the unit cell of the hydrogenous and deuterated clay in a dry and wet state; the resolution is -I A. These curves should be contrasted with the X-ray diffraction results of Przrrat and Mrring (1967) . The atomic structure of the silicate is better resolved in X-ray diffraction profiles because the sheets of atoms have closer X-ray scattering powers (as was anticipated in Figure 1 ). The neutron profiles for the deuterated and hydrogenous clay indicate that the hydrogen atoms in the lattice hydroxyl groups lie very nearly in the same z-plane as zrrat and Mgring (1967) . The relative lack of structure of ps(Z) in the region indicates that the interlayer is not highly ordered into definite planes of atoms as has been anticipated by those who have postulated layering from the hydration studies. The transform of Eq. (6) can be used to predict the measured 00s diffraction peak intensities by modelling the atomic structure across the clay layers. This technique was used to determine the lattice hydrogen locations in the dry clay. Z coordinates determined by other X-ray diffraction investigations (Mathieson and Walker, 1954; Przrrat and Mrring, 1967; Cradwick, 1975) for all non-hydrogen atoms were first used to optimize the X-ray diffraction results from the deuterated clay since these are largely independent of the hydrogen present in the sample. Then the hydrogen positions alone were varied to allow the best agreement for the neutron measurements for the same series of diffraction peaks. For the deuterated clay, optimum positions were in the same plane as the associated oxygens within -0.01 A. Table 1 shows the agreement reached and  Table 2 gives the c-axis coordinates chosen for the dry A complete tabulation of measured peak intensities is given by Hawkins (1978) . clay. In these calculations an isotropic temperature factor was used with B = 2.0 A (T(q~) = exp(-B/hZsin2q~/ 2)) for all atoms. B was chosen from results given by various authors (e.g., Mathieson, 1958; TeUeria et al., 1977) for vermiculite. No modelling was attempted for the wet samples because their diffraction pattern was no longer a discrete set of peaks.
Transmission geometry analysis
The broad liquid-like underlying pattern and the asymmetric diffraction peaks are distinctive features of the transmission geometry results. The diffraction peaks are designated by only two indices since the ideal two-dimensional crystal has no crystallographic c-axis. The form of the diffraction peaks as first explained by von Laue will be asymmetric and may be represented by the equation: (see also Kjems et al., 1976) .
Here mhk is the multiplicity factor for the reflection, FN(e) is an orientation related factor, and ~bnk is the scattering angle for the reflection. Eq. (7) can be seen to produce "saw-tooth" diffraction peaks, but applies strictly to an ideal (turbostratic) two-dimensional crystal only. For montmorillonite which has a limited degree of ordering between layers, no theory has been developed. Nevertheless, the inclusion of water in the interlayer which remains correlated in positions with the other atoms of the pseudo unit cell, must contribute to the structure factor in Eq. (7) and so change the measured hk peak intensities (vide infra). Figure 8 is a recombination of the reduced data from the transmission geometry experiment. The lower curve from the dried clay is combined with the second curve from pure heavy water to produce a simulation of the measurement of the swollen clay. The heavy water curve is scaled to the equivalent thickness of heavy water content of the clay sample before it is added to the dry clay curve. (Because each curve has been corrected for sample self-attenuation, no absorption factor is required in the recombination.) The re- combination results are the full lines to be compared with the experimental points.
The overall agreement is fairly good, but there are important discrepancies. First, it can be seen that no linear combination of the curves of the dry clay and the pure water is sufficient to reconstruct the pattern of the wet clay in detail. The measured clay-water peak also shifts to higher ~b from its positions in the pure water case. Assuming the average spacing in the medium varies to be p-1/3, where p is the liquid number density, this shift would represent a water density increase of -5%. It is seen that the diffraction peaks are affected in different ways with the inclusion of the water. (Peak assignments marked on the pattern of the dry clay are from MacEwan (1961) .) The 11 ;02 band appears to have decreased in intensity while the 06 peak increased. Finally, the hk peak positions are largely unaffected by the clay-water content. The 06 peak centroid position, in particular, remained constant to an experimental uncertainty of about _+.02 A throughout the experiment and is consistent in this respect to measurements with X-rays (Margheim, 1977) .
DISCUSSION
Profiles of the one-dimensional scattering densities in the interlayer region are relatively flat, and the transmission geometry diffraction pattern may be substantially reproduced by the superposition of the separated patterns of the water and the dry clay. Each of the results indicates that the interlayer region is not highly structured. There are, however, some outstanding features of the observed data that cannot be explained by the statement that the interlayer water is simply in a bulk state.
The intensities of the hk peaks from the transmission geometry, especially the 11 and 02, do change slightly as water enters the clay. This change may be explained only by a variation of the structure factor Fh~ in Eq. (7), since the other quantities in the intensity relation remain fixed as can be seen by an examination of Eq. (8).
where
x'j, y'j are the reduced coordinates of the atoms, zj is the real coordinate, Q• is the component of the momentum transfer perpendicular to the clay layer on scattering, and fj is the scattering length of the jth atom. The summation extends over all atoms in the pseudo- Figure 9 . A model of spinning water molecules proposed by Fripiat and Stone (1978) , on the basis of NMR data.
unit cell, and the average extends over all such cells. The associated Lorentz factor may change if the degree of preferential ordering in the sample is altered during swelling. Because the rocking curves for the sample in the dried or wetted states were essentially the same, no change in ordering is inferred. If the interlayer material remains randomly distributed with respect to the silicate lattice atoms, its contribution to Eq. (8) is zero. For the transmission geometry <Q~> = 0, so that as long as the silicate itself remains unaltered in the ab plane, no change is expected in the hk peaks by the swelling of the clay under the assumption of bulk water filling. The exchangeable cations are believed to be released into the interlayer region when the clay expands. Their contribution to the peak intensity is small, however, and therefore cannot account for the observed changes. The explanation of the change in the hk peak intensities must therefore be that at least some of the atoms in the interlayer water molecules are spatially correlated with the silicate layers above and below. There cannot, however, be a complete epitaxy, both because the hk peak intensities are not changed appreciably and because the bulk water pattern persists. Close inspection of the series of reduced transmission diffraction patterns in Figure 5 , reveals that any change that occurs in the two-dimensional diffraction peaks is complete at relatively low water contents. Presumably only a few of the initially absorbed water molecules are locked into an association with the lattice.
The presence of a solid-state water lattice in the interlayer, with different spacing than that of the silicate substructure, is also ruled out since this would lead to a new set of two-dimensional diffraction peaks in addition to those present from the lattice of the dry clay. Such behavior has been observed when gases are absorbed on grafoil in low temperature studies (Kjems et al., 1976) . Fripiat and Stone (1978) suggested from NMR studies that interlayer water molecules associated with the clay lattice spin freely about an axis of fixed orientation which precesses as illustrated in Figure 9 . The oriented molecules must have reduced translational freedom to those in bulk water since their diffusion constant which is approximately one-tenth of the bulk value (Hunter et al., 1971; Olejnik and White, 1972) . This model qualitatively accounts for most of the observed neutron diffraction results, since the spinning water molecules in the interlayer smooth out the density profile removing the correlation of the hydrogen (deuterium) positions with the lattice and packing constraints dictate the usual water-water correlations seen in the bulk-water pattern superposed on the lattice peaks. A similar explanation has been proposed for an analogous three-dimensional lattice situation in CBr4 by Dolling et al. (1979) . There, the carbon nuclei are fixed to lattice sites while the bromines are rotating. The resulting diffraction pattern has both lattice diffraction peaks and a liquid-like pattern from the bromine. More work is needed to verify this explanation quantitatively.
This study has produced new data concerning the water absorbed on the clay surfaces. The results argue against a highly structured interlayer water in rigid association with the silicate surfaces. Instead, the high selectivity of the neutrons has been used to show that the clay-water in Na-montmorillonite has a liquid-like structure and that it is only partially associated with the silicate.
Part of the analysis used here is based on determining intensities of Bragg reflections with standard formulae for crystal structure. It is evident, however, that the experimental data of Figure 5 do not support this view fully, and might be represented as a continuous curve rather than a set of discrete peaks. The interpretation of such a curve is involved and must treated elsewhere.
